Abstract-Recently proposed universal filtered multicarrier (UFMC) system is not an orthogonal system in multipath channel environments and might cause significant performance loss. In this paper, the authors propose a cyclic prefix (CP) based UFMC system and first analyze the conditions for interference-free onetap equalization in the absence of transceiver imperfections. Then the corresponding signal model and output signal-to-noise ratio expression are derived. In the presence of carrier frequency offset, timing offset, and insufficient CP length, the authors establish an analytical system model as a summation of desired signal, intersymbol interference, intercarrier interference, and noise. New channel equalization algorithms are proposed based on the derived analytical signal model. Numerical results show that the derived model matches the simulation results precisely, and the proposed equalization algorithms improve the UFMC system performance in terms of bit error rate.
be designed independently without generating significant interservice-band interference [10] . Such flexibility makes the UFMC as one of the most promising candidate waveforms for 5G systems and beyond.
It should be pointed out that the original UFMC system as proposed in [1] and [3] is no longer an orthogonal system in multipath environments since there is no guard interval between symbols. Although it has been claimed that the subband filter with a length comparable to that of the channel will incur negligible performance loss, this claim has not been proved analytically and may not be true for some scenarios (e.g., in harsh channel conditions). Alternatively, CP as an option can be added after the subband filtering to avoid the intersymbol interference (ISI) [1] . However, the system cannot achieve interference-free one-tap equalization as the circular convolution property is destroyed. The conditions of how to achieve it and the analysis for the performance loss in nonideal case are still open issues. Note that recently proposed F-OFDM is also a CP-based subband filtered technique [10] . However, an F-OFDM system uses much longer finite impulse response (FIR) filter (e.g., half symbol duration) to process the subband signal and the filter tail extends to the adjacent OFDM symbols and also overlap each other in order to reduce the filter tail caused overhead. It unavoidably introduces ISI, and the interference-free one-tap equalization does not hold.
In order to analyze the performance loss/gain and provide useful guideline for the UFMC system design in practice, it is necessary to establish a mathematic framework by considering the carrier frequency offset (CFO), timing offset (TO), multipath channel, and insufficient CP length. For the CP-OFDM system, the insufficient CP length with CFO and TO is modeled in [11] and the optimal CP length for maximizing sum-rate are formulated in [12] . The performance of UFMC systems in the presence of CFO was analyzed in [13] and a filter was optimized to minimize the out-of-band leakage in [14] by considering both CFO and TO. However, only single-path flat-fading channel was considered in [13] and [14] .
In this paper, the authors propose a new CP-UFMC system by adding CP before the subband filtering operation to achieve low-complexity interference-free one-tap channel equalization in the absence of transceiver imperfections. Such a system has the same receiver implementation as the CP-OFDM system and, therefore, is compatible to the legacy CP-OFDM system. The applicability of one-tap equalization for CP-UFMC systems is examined, followed by the corresponding signal model and output signal-to-noise ratio (SNR) expression derivation. Next, the system model in the presence of CFO, TO, and insufficient CP for the CP-UFMC is derived in terms of the desired signal, ISI, and intercarrier interference (ICI). In addition, new equalization algorithms are proposed to improve the system performance based on the derived model.
Notations: {·} H and {·} T stand for the Hermitian conjugate and transpose operation, respectively. We use E{A} and trace{A} to denote the expectation and trace of matrix A. I M and 0 M ×N refers to identity matrix of M dimension and M × N T , where a k is a length and N k is the symbol vector transmitting on the kth subband and consisting of elements a(i)
being the filter length. In order to have unified expressions for different subbands, let us define
A. Proposed CP-UFMC System Model
As shown in Fig. 1 , by adding CP and filtering the subband after inverse discrete Fourier transform (IDFT) operation, the authors can write the transmitting signal as
where
is the matrix form of the CP insertion operation with L CP being the CP length and
The dimension and structure of F k implies that the filter tails are cut before the transmission.
The ith row and nth column element of D is
is the transmission power normalization factor of the kth subband due to the CP insertion and filter tail cutting.
Let us assume that the channel between the transmitter and the receiver at time t is h(
with L CH being the channel length in number of samples. Without loss generality, the authors assume that the overall channel gain
CH . After CP removal and N -point DFT operation, the signal for the mth subband at the receiver (before channel equalization) can be written as
T is noise vector at the receiver and its ith element v(i) has a complexvalued Gaussian distribution CN (0, σ 2 ) with σ 2 being the noise variance and y ISI is the ISI. In the ideal scenarios with sufficient CP length,
The proposed transceiver diagram is shown in Fig. 1 , and unlike the original UFMC system (where CP is an option can be added after subband filtering) [1] , the authors add the CP before subband filtering. In addition, the proposed CP-UFMC system has exactly the same receiver implementation as the CP-OFDM system, which avoids zero padding (and down-sampling) as well as high-order DFT operation as implemented in the original UFMC system [1] , [2] , [4] .
B. Applicability for One-Tap Equalization
The authors aim to achieve interference-free transmission by adding CP between UFMC symbols, and propose the following proposition:
Proposition 1. Consider a CP-UFMC system that consists of N subcarriers with channel length and CP length being L CH and L CP . A sufficient condition to apply interference-free one-tap channel equalization to the mth subband is
and in that case the signal model for the nth subcarrier that belongs to the mth subband is Proof: In order to achieve ISI-free estimation (i.e., y I S I = 0), the authors have to set the CP length as L CP ≥ L CH − 1 and (3) is a sufficient condition since L F,m ≥ 1. Now let us focus on the conditions to achieve the ICI-free system. When L CP ≥ L CH + L F,m − 2, the authors have GH(t)F k C = GH(t) CGF k C, and substituting it into the first term (let us define it as U m ) of (2) leads to
The interpretation of multiplying G and C in the left and right of matrix H(t) (similar for F k ) is to reframe it to be a circulant matrix, i.e., GH(t)C = H cir (t) and GF k C = F cir,k , where H cir (t) and F cir,k are the circulant matrices of the chan- Based on (4), the authors can derive the output SNR expectation of the nth subcarrier that belongs to subband m as
When filter length L F,m = 1, (5) converges to the CP-OFDM system with sufficient CP length, i.e.,
III. UFMC IN THE PRESENCE OF CFO, TO, AND INSUFFICIENT CP LENGTH
Due to the transceiver imperfections, it is more realistic to assume a certain level of CFO and TO present in the system. In addition, sufficient CP length is not always (and sometimes unnecessarily) satisfied in order to save the system overhead. In this section, the authors will first derive an analytical model by taking all of the listed imperfection factors into consideration. Then new one-tap equalization algorithms are proposed to improve system performance in nonideal cases.
1) Signal Model in the Presence of CFO, TO and Insufficient CP Length:
Suppose that the normalized (by subcarrier spacing Δf ) CFO of mth subband is m , then the authors can rewrite q in (1) as
where l = 0, 1, . . . , L SYM − 1. By considering the normalized (by UFMC sample duration: ΔT /N with ΔT being the symbol duration) synchronization error (e.g., TO) τ in the receiver, the received signal can be expressed aŝ
where r = 0, 1, . . . , L SYM − 1 and τ t = τ + L CP . Removing CP and performing N -point DFT onŷ(r), then
2) Performance Analysis: Since the modulated symbols a(l) is uncorrelated to a(k) if l = k for ∀l, ∀k ∈ U. In addition, signals from different UFMC symbols are also uncorrelated, and by also noticing E|a(n)| 2 = ρ 2 sym , the authors can express the power of desired signal, ISI, ICI, and noise of the nth subcarrier as where
To simplify the derivation of |β(n, t, e)| 2 , let us de- with  R(l 1 , t 1 − t 2 ) being the autocorrelation function of the channel h(t) at the l 1 th path and l 2 th path at time t 1 and t 2 . Using the equation and the definition of T m (l 1 , l 2 ), the authors have
In the presence of interference, the SINR of the nth subcarrier can be written as
3) Proposed Channel Equalization Algorithm: Based on the derived signal model in (9), (10), and (12) in the presence of CFO, TO, and insufficient CP length, the authors propose linear one-tap channel equalization algorithms under the criteria of ZF (zero-forcing) and MMSE (minimum mean square error) as
where ν = 0 for ZF algorithm and ν = 1 for MMSE algorithm.
IV. NUMERICAL RESULTS
The authors adopt a long-term evolution (LTE) radio frame structure with total number of subcarriers N = 2048, subcarrier spacing Δf = 15 KHz, and the symbol duration ΔT = 1/15 000 s. Without loss of generality, the authors assume that only the middle 120 subcarriers are occupied and they are divided into M = 10 equal bandwidth subbands. The authors adopt a FIR Chebyshev filter with OoB emission level equals to −50 dB and the filter length L F,m = 120 taps. The LTE extended typical urban channel model is used and the CP length for the OFDM system and the UFMC system are 160 and 40, respectively, which leads to the two systems having the same overhead. The signal is modulated by 16-quadrature amplitude modulation with normalized power ρ 2 sym = 1. For all simulations, the authors also use the interference-free case (i.e., no CFO, TO, and sufficient CP length: L CP = 160) for both UFMC and OFDM systems as benchmarks.
The analytical results for desired signal P D (n) in (10) are compared with simulation results and shown in left-hand subplot of Fig. 2 with CFO and TO being = 0.1 and τ = 85 samples, respectively. Note that only the first two subbands (subcarrier index from 0 to 23) are shown. From Fig. 2 , all of the analytical results concur with the simulated ones, which shows the effectiveness and accuracy of the signal model derivations. In both ideal and nonideal cases, the UFMC system shows frequency selectivity over each subband. The analytical results for ICI and ISI given in (10) and simulation results are shown in right-hand subplot of Fig. 2 . Again, the simulated and analytical results match to each other nearly perfectly on all accounts. In addition, the UFMC system suppressed the ISI to a lower level than the OFDM system in all subcarriers.
The analytical (based on (13)) and simulated output SINR for both UFMC and OFDM systems are shown in Fig. 3 with input SNR = 15 dB. In interference-free case, the UFMC system shows large SINR variation along the subcarriers, while the OFDM system shows a flat line. The UFMC system outperforms the OFDM system only in some subcarriers. However, with transceiver imperfections, the UFMC system outperforms the OFDM system in every single subcarrier. This proves that the subband filter in the UFMC system can improve the performance in comparison to the OFDM system. Fig. 4 examines the effectiveness of the derived interference and desired signal power in (10), (11) , and (12) in terms of Viterbicoded bit error rate (BER) with coding rate being 1/2. Note that the low-complexity maximum log likelihood ratio-based algorithm is used in the simulation by assuming the interference-plus-noise having a Gaussian distribution [13] . The authors use two set of parameters, low-level interference with L = 0.03; τ L = 68 samples, and a high-level interference as H = 0.06; τ H = 136 samples. In ideal cases, Fig. 4 shows that the OFDM outperforms the UFMC system by a small margin due to the filter frequency selectivity. However, in the presence of CFO and TO, the proposed UFMC system shows its advantage over the OFDM and original UFMC systems [1] by suppressing interference effectively.
V. CONCLUSION
The CP-UFMC system has been proposed and analyzed in the absence of transceiver imperfections. The conditions for interference-free one-tap equalization and corresponding signal model have been derived. The model is extended to the scenarios of transceiver imperfections and insufficient CP length. The analytical expressions for desired signal, ICI, and ISI are derived. Based on the analysis, new channel equalization algorithms are proposed. Our theoretical analysis results have been validated by simulations. The analytical framework developed in this paper provides a valuable reference for the design and development of practical UFMC systems.
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